The majority of environmental microorganisms cannot be grown by traditional techniques. Here we employed, and contrasted with conventional plating, an alternative approach based on cultivation of microorganisms inside diffusion chambers incubated within natural samples, followed by subculturing in petri dishes. Using this approach, we isolated microorganisms from subsurface sediments from the Field Research Center (FRC) in Oak Ridge, TN. The sediments were acidic and highly contaminated with uranium, heavy metals, nitrate, and organic pollutants. Phylogenetic analysis of 16S rRNA gene sequences revealed clear differences between diversity of isolates obtained by the diffusion chamber approach and those obtained by conventional plating. The latter approach led to isolation of members of the Alpha-and Gammaproteobacteria, Actinobacteria, and Verrucomicrobia. Isolates obtained via the diffusion chamber approach represented the Alpha-, Beta-, and Gammaproteobacteria, Actinobacteria, Firmicutes, and Bacteroidetes. Notably, one-third of the isolates obtained by the new method were closely related to species known from previous molecular surveys conducted in the FRC area. Since the initial growth of microorganisms inside diffusion chambers occurred in the presence of the environmental stress factors, we expected the isolates we obtained to be tolerant of these factors. We investigated the physiologies of selected isolates and discovered that the majority were indeed capable of growth under low pH and/or high concentrations of heavy metals and nitrate. This indicated that in contrast to conventional isolation, the diffusion chamber-based approach leads to isolation of species that are novel, exhibit tolerance to extant environmental conditions, and match some of the species previously discovered by molecular methods.
Most microorganisms found in environmental samples cannot be cultivated using conventional laboratory methods, an observation made repeatedly over the past hundred years (see references 3, 8, 9, 16, 20, 24, 36, 47, 48 , and 49, among many other works). Recently, significant efforts have been made to improve microbial recovery by developing novel cultivation approaches involving single-cell encapsulation, utilizing low substrate concentrations, manipulating medium composition, including addition of signaling compounds, increase in incubation time, and in situ cultivation (4, 6, 7, 10, 11, 15, 21, 22, 38, 39, 41, 44) . In spite of significant progress in bringing new species into culture, more than half of the bacterial phyla still do not have cultured representatives (16, 24, 36) , and the majority of environmental species remain unexplored. Gaining access to these microorganisms is of substantial basic and applied importance. This is particularly true in relation to bioremediation and contaminated sites, for which our basic understanding would be improved by a greater knowledge of the microorganisms active at the site. For example, many microbial species from contaminated sites are known exclusively from molecular surveys. They are only somewhat similar (e.g., Յ95% rRNA gene homology) to cultured isolates and are often assigned to an unclassified group (1, 2, 5, 13, 30, 34, 37, 42) . Thus, the roles of these species in key processes of bioremediation, such as biosorption, bioaccumulation, biotransformation, and biomineralization, remain to be elucidated. This lack of knowledge calls for new approaches, such as metagenomics, proteogenomics, other functional approaches (e.g., see references 23, 45, and 46) , and targeted efforts aiming to bring such species into culture to explore their functional roles, abilities, and adaptations to survive under stress.
We have developed a new approach for microbial cultivation by growing formerly uncultivated species in situ, followed by growth ex situ (4, 22) . Here we apply this method to isolate microorganisms from the U.S. Department of Energy's Field Research Center (FRC) in Oak Ridge, TN. The subsurface sediment in this area is highly contaminated with radionuclides, heavy metals, nitrate, and organic compounds (Table 1) (http://www.esd.ornl.gov/orifrc/). Previous isolation experiments focused on anaerobic bacteria and resulted in the isolation of strains belonging to frequently cultured phyla (13, 27, 40, 42) . However, molecular characterization of the microbial communities in the subsurface sediment and groundwater revealed the presence of diverse communities comprising a significant number of as yet uncultivated bacteria (e.g., see references (1 and 13). Here we show that our new cultivation methodology helps overcome these limitations by bringing into culture novel species that (i) belong to rarely cultured phyla, (ii) match species previously detected by molecular surveys, and (iii) are environmentally relevant because they exhibit tolerance to the conditions prevalent in their original environ-ment, such as high concentrations of nitrate and heavy metals and low pH.
MATERIALS AND METHODS
Sampling. The FRC area includes places with contaminated subsurface sediment and groundwater, as well as uncontaminated background sites. A detailed description of physical and chemical characteristic of the environment can be found on the FRC website (http://www.esd.ornl.gov/orifrc/). In September 2004, we obtained a subsurface sediment core from borehole FW111 (area 3) that covered the depth from 4.25 m to 9.75 m. The core was homogenized in segments in an anaerobic glove box at Oak Ridge National Laboratory using methods essentially the same as those described previously (34) and transported chilled and under argon to Northeastern University in Boston, MA. Upon arrival, the material was wetted with deionized water to replace moisture lost from evaporation and stored in plastic containers; the same containers were used to deploy diffusion chambers during growth experiments.
Media. In microbial growth experiments, we used the following media (all components were from Difco [Becton & Dickinson, Company, Sparks, MD]; concentrations are (vol/wt): A, no supplements; CY, 0.01% Bacto Casamino Acids and 0.01% Bacto Yeast Extract; CYE, 0.01% Bacto Casamino Acids, 0.01% Bacto Yeast Extract, and 0.01% humic acids. The media were supplemented with 10% cold water extract from the sediment to better mimic the natural environment. This extract was prepared by mixing sediment and deionized water at a 1:10 (vol/wt) ratio, vortexing for 1 min, spinning down (10 min, 11,000 rpm), and filter sterilization using 0.22-m-pore-size filters. All media were solidified with 1.5% Bacto agar. Colonies grown on these media were subcultured for purification in 1.5% Bacto agar plates supplemented with lysogeny, also known as Luria-Bertani, broth (LB) at 10% of the manufacturer's suggested concentration (2.5 g/liter; Sigma Aldrich, St. Louis, MO).
Cultivation and isolation. The overall experimental scheme of cultivation experiments is presented in Fig. 1 . A 1-g subsample from the upper part of the crushed core was diluted with cold-water extract and mixed with the medium A, CY, or CYE to obtain a final dilution of 10 Ϫ4 to 10
Ϫ6
. The mixtures were used to inoculate pour plates and diffusion chambers. The diffusion chambers were prepared as described previously (4, 22) . In short, a 0.03-m-pore-size polycarbonate membrane (GE Osmonics Labstore, Minnetonka, MN) was glued to the bottom side of a stainless steel O-ring using silicone glue. This formed a small chamber that was filled with 3 ml of one of the above mixes. After the agar mixture solidified, a second membrane was glued to the upper surface of the O-ring to seal the chamber. The chambers were incubated for 4 weeks on top of the wetted sediment in the lab and flipped on a regular basis to prevent the buildup of anoxic conditions. After incubation, the chambers were removed and opened, and the agar with the grown material was taken out of the chamber. This material was homogenized by passaging it through a syringe with a 25-gauge needle, diluted with cold-water extract, mixed with agar to obtain the same dilution as in the original sample (10 Ϫ4 to 10
), and used to inoculate a new diffusion chamber and a parallel pour plate. After the second round of cultivation, this procedure was repeated once more, resulting in three rounds of in situ incubation and three runs of cultivation on pour plates (Fig. 1) . Colonies growing in the subcultured pour plates were further subcultured by streaking on 0.1ϫ LB plates for subsequent isolation and identification. For each cultivation round, we set up 6 to 12 diffusion chambers and an equal number of pour plates.
Species identification. Microbial identification was performed by sequencing a part of the 16S rRNA gene (25) . The colony material was used directly as a template for PCR. On several occasions, this approach failed to amplify the gene. In these cases, colony DNA was isolated using a Qiagen blood and tissue kit (Qiagen, Valencia, CA) according to the manufacturer's recommendations. The 16S rRNA gene was amplified with a Taq polymerase (Promega, Madison, WI) using the eubacterial primers 27F (AGA GTT TGA TCC TGG CTC AG) and 1492R (GGT TAC CTT GTT ACG ACT T) (25) . The PCR products were purified and sequenced commercially (Seqwright, Houston, TX) by fluorescent dye terminator sequencing. The PCR products from all samples were sequenced using the internal primer 357F (CCT ACG GGA GGC AGC AG) (31) , resulting in sequences with a length of 500 to 900 bp. Additional sequencing with the primers 518R (ATT ACC GCG GCT GCT GG) (31) and 1492R (25) was carried out for selected isolates to obtain nearly complete 16S rRNA sequences from those isolates (see File S1 in the supplemental material). The sequences were edited using the 4Peaks software program (by A. Griekspoor and T. Groothuis [http://mekentosj.com/science/4peaks/]), aligned to the ARB database (26) , and added to the phylogenetic tree using the parsimony addition tool. The sequences were grouped into strains if different by no more than one nucleotide and into species if different by less than 3% of nucleotides (43) . For comparative purposes, the sequences obtained from the same sampling site by rRNA gene surveys (1, 2, 5, 13, 30, 34, 37, 42) were added to the phylogenetic tree as well. The strains that were chosen for the physiological characterization have been used to construct a phylogenetic tree in ARB (23) .
Physiological characterization. Fourteen strains were chosen for physiological characterization (Fig. 2) . The experiments were conducted in triplicate or quadruplicate in 96-well plates containing 150 l of 0.1ϫ LB at pH 7. The medium was supplemented with nitrate (50, 100, 250, or 500 mM), uranium (20, 50, 100, or 200 M), nickel (50, 100, 250, or 500 M), cobalt (5, 10, 25, or 50 M), or cadmium (5, 10, 25, and 50 M). In selected experiments, the pH of the medium was adjusted to 3.5, 4, 4.5, 5, or 7, using HEPES (Fluka; via Sigma-Aldrich, St. Louis, MO) (pH 7) or Homopipes (Fluka; via Sigma-Aldrich, St. Louis, MO) (pH 3.5 to 5) as buffering agents. The plates were inoculated with 15 l of cell suspension from overnight liquid cultures grown in 0.1ϫ LB at 27°C with shaking at 200 rpm. Incubations were performed at 27°C in a plate reader with the incubation module (Biotek Synergy HT), with the optical density at 600 nm (OD 600 ) measured every 10 min for 24 h.
Evaluation of physiological data. Microbial growth rates were determined by calculating the slope of the natural log transformation of the OD 600 values plotted against time. The growth rates were used to determine the influence of the stress factors on the short-term growth of the isolates by comparing the growth rate in the presence of a given stress factor to that at pH 7 with no stress (control). The statistical significance of the differences was assessed using Student's t test.
RESULTS
In total, we isolated 71 microbial strains, which grouped into 58 species. Of these, 61 strains and 50 species were obtained via the diffusion chamber-based approach (Table 2; cultivation approach produced representatives of four phyla.
Strains from the Alpha-and Gammaproteobacteria and the Actinobacteria were isolated by both approaches, whereas representatives of the Betaproteobacteria, Bacteroidetes, and Firmicutes were unique to the diffusion chamber-based technique. We chose 14 isolates from five microbial phyla for physiological characterization. The selected strains exhibited robust growth and were closely related to species previously detected in the FRC area by molecular methods (Tables 3 and 4) . Ten of these strains were obtained exclusively via the diffusion chamber-based approach, one was unique to standard cultivation, and three were isolated by both approaches.
The tested strains fell into three groups based on their growth response to the different stress factors. The first group was tolerant to most stress factors at the environmentally relevant concentrations. This group was represented by a single, diffusion chamber-grown isolate, OR221, closely related to Microbacterium laevaniformans (Actinobacteria). Its growth was not inhibited even at the concentrations of the stress factors beyond the range detected at the site of its isolation (e.g., Ni, Co, and Cd) ( Table 4) . Isolates from the second group were tolerant to many stress factors but inhibited by some at concentrations close to their environmental maxima. The strains from the second group, three members of the Alphaproteobacteria, OR37, OR71, and OR114, and two of the Betaproteobacteria, OR58 and OR214, were inhibited only by the lowest pH tested, high concentrations of nitrate, and selected heavy metals. All strains in this group were isolated using the diffusion chamber-based cultivation approach; one of them was also isolated in conventional petri dishes. The third group of isolates exhibited a notable lack of tolerance to environmentally relevant concentrations of several stress factors, typically nitrate, uranium, and pH. This group was represented by a mix of strains obtained by both cultivation strategies used here. 
DISCUSSION
Microbial cultivation from sites with significant contamination, such as FRC sites, has been difficult and sometimes even unsuccessful (12) . Cultivation attempts undertaken at several FRC sites have produced limited numbers of microbial isolates, although isolation of several nitrate and uranium reducers, such as Geobacter and Rhodanobacter and other species, have been reported (35) . Additionally, standard cultivation is known to be biased since it produces isolates that are not necessarily representative of all active, dominant community members. Here we applied a novel cultivation strategy in an attempt to isolate microbial species from FRC sites contaminated with a range of pollutants, including heavy metals (Table  1 ). This strategy is based on in situ incubation in diffusion chambers (22) , which in other applications produced culture collections significantly different from those obtained by conventional techniques (4) . This approach includes a step of growth in situ and thus by definition leads to isolation of species that do have a capacity to grow in their contaminated habitat. It follows that, in contrast to conventional cultivation, Arthrobacter nicotinovorans 100 C ϩ OR82
Rhodococcus erythropolis 99.9 C ϩ a Sim, similarity of the 16S rRNA gene sequences. b Cult-met, cultivation method used. P, pour plate; C, diffusion chamber. c Con area, control area (12); for area 1, see references 2, 12, 31, and 39; for area 2, see references 1; 5, and 27; for area 3, see references 1, 12, and 34. "ϩ" indicates the presence of the strain.
often criticized for isolating rare and environmentally irrelevant species, at least some isolates obtained using this method must represent the active component of the target community. If so, our isolates should exhibit an adequate level of tolerance to the stress factors characteristic of the natural habitat. We therefore explored physiological response of selected strains to stress factors and confirmed that many of them are indeed tolerant to the high concentrations of nitrate, heavy metals, and low pH characteristic of their environment.
In this study, the number of strains obtained by the diffusion chamber method was considerably larger than the number of strains obtained by direct plating of samples. Perhaps a more interesting aspect of our collection is its species composition. Apart from covering more microbial phyla, many of the diffusion chamber-reared isolates closely matched species previously detected via molecular signatures in the same general area and its vicinity (1, 2, 5, 13, 30, 34, 37, 42 ). The comparison reveals that 26 of the 71 isolated strains belong to the same species identified by their 16S rRNA signatures in previous surveys of these sites ( Table 3 ). The overwhelming majority of these strains (20 out of 26) were obtained using the diffusion chamber approach (Table 3) .
Of particular interest are three 16S rRNA surveys that have been conducted in the area of our cultivation study (FRC's area 3) (1, 13, 37), including a study that sampled the same depth (1). In the latter study, the authors constructed a clone library consisting of 29 bacterial operational taxonomic units (OTUs) based on Ͼ98% rRNA gene sequence identity. We were able to cultivate six of them, from three different phyla (Betaproteobacteria, Bacteroidetes, and Actinobacteria). Five out of these six strains were obtained via an in situ growth method. Fields et al. (13) identified 46 OTUs, and we were able to isolate three of them, belonging to the Alpha-, Beta-, and Gammaproteobacteria; two of the three were obtained by the diffusion chamber-based approach. The latter two included Ralstonia isolates with 16S rRNA gene sequences closely related to sequences retrieved multiple times in both the above studies.
The recovery of multiple species previously known from molecular (but not cultivation) surveys of the area is encouraging and indicates progress toward a better recovery of the microbial diversity. This is in agreement with our earlier observations, which indicated that the diffusion chamber-based method allows access to a larger diversity of environmental microorganisms than more traditional methods currently in use (4) . Therefore, the use of the diffusion chamber likely leads to unique culture collections that are different from those produced by conventional cultivation.
Since our method includes a step in which the microorganisms are grown in situ, at least some of the obtained isolates must be able to multiply under environmental conditions. This is important because direct plating may produce isolates from cells present in the environment transiently or in the form of resistant spores only and the incidence of which was an accident of dispersal. Such isolates are likely to be irrelevant to the function of the target community. Unlike culture collections produced by more standard approaches, ours must be less impacted by this shortcoming, as evidenced by the fact that many diffusion chamber-reared strains are tolerant of the stress factors characteristic of the FRC. One isolate, OR221, closely related to M. laevaniformans, was unique among our isolates since it exhibited growth in the presence of all the different stress factors tested and at all concentrations, including those in excess of environmentally relevant ones (Table 4) . OR221 is also related to three Microbacterium oxydans isolates (16S rRNA gene sequence similarity from 98.8 to 99.2%) ob- tained from the groundwater of the radioactive waste depository Tomsk-7 in Siberia, Russia (32) . These (Siberian) isolates tolerate 4 to 20 times higher concentrations of uranium, nickel, and cadmium than those used in our experiments. The same isolates were able to precipitate uranium at pH values close to those in the area of our study (29, 32) , pointing to a possibility that OR221 may also be capable of uranium immobilization in situ.
Another isolate showing a high tolerance to heavy metals was OR37, a close relative of Caulobacter crescentus (Table 4) . This corroborates earlier findings that C. cresentus tolerates high concentrations of uranium (18, 19) , possibly due to four metal ion efflux systems coded in its genome (33) . Two additional isolates, OR58 and OR214, also showed a high tolerance to the majority of the heavy metals (Table 4 ). These isolates are closely related to Ralstonia metallidurans, known to possess two plasmids carrying metal resistance genes (28) .
Interestingly, among the isolates obtained by the diffusion chamber approach, there are several that ex situ did not exhibit significant tolerance to several of the extant stress factors. For example, isolates OR87 and OR92, likely from the genus Rhodanobacter, while tolerant of acidic conditions, grew only moderately in the presence of any of the heavy metals tested. Strains of Rhodanobacteria have also been recovered by the Kostka group (Florida State University) from the FRC site (14) and detected in a recent metagenomic study (17) . They are also capable of growth on nitrate and at pH 4. Other strains, such as OR43 and OR53, appear to have opposite adaptations: they exhibited a tolerance of high concentrations of various heavy metals but appeared to be very sensitive to increased concentrations of nitrate and pH below 4.5.
It is unclear how a species can grow during in situ incubations if this species is only tolerant of a subset of the in situ challenges. It is possible that microorganisms might be able to modify their microenvironments, conditioning them for other species. For example, an organism capable of metal reduction could locally reduce the metal concentration, opening a way for nontolerant species to grow in the vicinity. Such synergies remain largely hypothetical, and their potential importance in bioremediation processes makes them an exciting subject for future research.
